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L Introduction

This report constitutes the final progress report for a program of experimental and
theoretical research on the reflection, absorption, and scattering of VHF and microwave radiation
from plasma-covered conductors. A principal goal of this research is to determine to what extent
plasmas can be used to reduce the radar cross-section of highly rf-reflective objects. This work
was first funded by AFOSR starting October 1989. The major goals of this program have been:

1) To study rf absorption and reflection from a plasma-covered plane conductor to
determine under what conditions the presence of the plasma can result in a significant reduction in
the backscattered rf.

2) To conduct such studies under a wide range of plasma (overdense and underdense) and
rf (frequency, power density, and pulse duration) conditions.

3) To establish a solid theoretical foundation for the understanding of experimental
observations.

To date, these studies have been largely completed and the results have proven both
encouraging and surprising. Experimental studies of rf reflection and absorption from plasma-
covered plane conductors indicate that the presence of the plasma can significantly reduce the
backscattered rf (by as much as 40 dB) even when the plasma is essentially collisionless. Since
collision-free plasmas are inherently easier to create and maintain than are collision-dominated
plasmas, this result may allow a very significant reduction in the costs of using ionized gases as

microwave absorbers in real systems. In addition, this reduction in the backscattered rf occurs
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over a very wide range of rf power densities and is therefore probably not a strongly nonlinear
phenomena.

It is clear that a collisionless mechanism that significantly reduces backscattered rf from a
reflecting surface without envoking cyclotron resonance absorption would have real advantages
over other concepts being explored for this purpose. Such a configuration inherently requires not
applied magnetic field and therefore might have additional cost advantages over other schemes.

In this report a summary of research progress made during the course of this program is
presented in the next section. Copies of research papers prepared under this program are

enclosed in the Appendix.
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IL Summary of Research Progress

During the past grant period considerable progress has been made in our experimental and
theoretical studies of rf absorption and reflection from a plasma-covered plane conductor. This
work is summarized briefly below, and detailed in papers enclosed in the Appendix.

Experimental Research - First year experiments in this program were concentrated on
studies of the reflection, absorption, and transmission of high power microwave radiation from a
plasma-covered plane conductor. This work is detailed in a paper “Experimental Studies of High
Power Microwave Reflection, Transmission, and Absorption from a Plasma-Covered Plane
Conducting Boundary”, published in the May 1991 issue of the Journal of Applied Physics, and
enclosed in the Appendix. For these experiments, microwaves from a high power Large Orbit
Gyrotron (10GHz, 30 ns, 10-200 kw/cm?) were beamed at a 30 cm diameter plane conducting
plate in hard vacuum (10”° Torr). In this work, the presence of an optimally configured
collisionless plasma on the surface of the plane conductor resulted in a reduction in the
backscattered rf by 20-33 dB. Experiments were also conducted to determine if the high
microwave power employed in these studies could result in nonlinear effects that might account
for the strong rf absorption, with negative results.

In a further effort to study this phenomena over a wider range of experimental conditions
and to investigate possible nonlinear effects, experiments have been conducted using low power
microwave sources at similar frequencies. The basic experimental configuration was essentially

the same as that used for the high power experiments, but the microwave power densities (0.01-




10 mW/cm®) and pulse durations {10 microseconds - cw) were considerably different.
Experiments were conducted at both 9 GHz and 13 GHz to explore frequency dependencies.

Results of these experiments are reported in the paper “Experimental Study of the
Interaction of Microwaves with a Non-Magnetized Pulsed Plasma Column”, published in the
September 1992 issue of the Journal of Applied Physics and enclosed in the Appendix. The most
important results of this study can be summarized as follows:

1) Backscattered rf can be reduced by the plasma by 30-40 dB below that observed in the
absence of the plasma.

2) The mechanism accounting for the reduction in the backscattered radiation was thought
to be a combination of efficient side-scattering of radiation at the critical density layer (accounting
for no more than 20% of the incident radiation) and resonant absorption at the critical density
layer.

3) The phenomena resulting in the reduced backscatter appears to be linear over a very
wide range of incident microwave power densities.

4) Remarkably, backscattered radiation appears to increase as the pressure of the ambient
background gas in the chamber is increased to make the plasma more collisional. This may
actually be a result of the increased difficulty in creating and maintaining the plasma under
collisional conditions.

Experimental Research over the last year has been focused primarily on obtaining a better
understanding of the plasma conditions that have resulted in the observed reduction in the
backscattered rf. Extensive studies of the spatial and temporal profiles of the pulsed plasma used

in the microwave reflection experiments have been conducted and are summarized in the draft




paper “Spatial and Time Profiles of a Pulsed Plasma Column, and Their Correlation with
Backscatter of Microwaves from the Plasma”, to be submitted to the Journal of Applied Physics
and enclosed in the Appendix. In addition to detailed information on the plasma density as a
function of position and time, electron temperatures have been measured and radial variations in
plasma density have been observed. This more detailed picture of the plasma covering the plane
conductor should provide a much firmer basis fo: theoretical and numerical modeling of these
systems.

Theoretical Research - Efforts to formulate possible mechanisms to account for the
observed reduction in the backscattered rf have included studies of collisional absorption closely
following those of Vidmar' (see Singh, et al, in the Appendix) and investigations of nonlinear
instabilities as well (see Destler, et al, in the Appendix). Results of these studies indicate that
collisional absorption alone cannot explain the observed reduction in the backscattered rf in either
the high power or low power experiments, and experiments have confirmed that the process is not
a result of nonlinear phenomena. As a result, it is presently believed that the mechanism
accounting for the reduction in the backscattered radiation a combination of efficient side-
scattering of radiation at the critical density layer (accounting for no more than 20% of the
incident radiation) and resonant absorption at the critical density layer enhanced by radial spatial

variations in the plasma density’.

1. R J. Vidmar, IEEE Trans. Plasma Sci. 18, 733, 1990.
2. H. L. Rowland, “Anomalous Absorption of Electromagnetic Radiation”, submitted to Phys. of

Fluids, 1992.
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Experimental studies of high-power microwave reflection, transmission,
and absorption from a plasma-covered plane conducting boundary

W. W. Destler, J. E. DeGrange, H. H. Fleischmann,® J. Rodgers, and Z. Segalov
Electrical Engineering Department and Laboratory for Plasma Research, University of Maryiand.
College Park. Maryland 20742

{Received 3 December 1990; accepted for publication 25 January 1991)

Experimental studies of the reflection, transmission, and absorption of high-power microwave
pulses from a plasma-covered plane conducting boundary are presented. Under optimum
conditions, backscattered rf power is attenuated by more than 30 dB over vaiues measured in
the absence of the plasma. Measurements of the radial and axial plasma density profiles and
the neutral gas pressure near the plane conductor indicate that collisional absorption processes
are not the primary source of the observed attenuation in the backscattered microwave signal,
and that the plasma density exceeds the critical density over much of the volume nearest the
conductor. The effects of a tenfold reduction in the microwave power density on the reflection
and absorption characteristics of the system are also reported.
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I. INTRODUCTION

Interest in the propagation of coherent electromagnetic
radiation in plasmas has been sustained for many yearsas a
result of applications of such studies in such diverse areas as
the rf heating of fusion plasmas, plasma-filled microwave
tubes and devices, and atmospheric and ionospheric propa-
gation. In recent years, however, the possibility of using arti-
ficially produced plasmas in the atmosphere to reflect elec-
tromagnetic radiation and allow over-the-horizon radar and
communication systems at microwave frequencies has been
proposed.' In addition, studies have been initiated at several
laboratories on the extent to which plasmas can be used in
place of more conventional microwave absorbers in certain
applications.’”® In particular, plasmas may be capable of ab-
sorbing microwave radiation over a wider frequency range
than can conventional absorbers, and are in principle more
controllable.

In the studies reported in this paper, high-power micro-
wave radiation was beamed at a plane conducting surface,
and reflected and transmitted rf was carefully measured to
provide a baseline against which plasma-induced effects
could be compared. A hydrogen plasma was created on the
surface of the conducting plate by a number of coaxial plas-
ma guns embedded in the plate, and microwave reflection
and transmission was then measured over a wide range of
plasma conditions. Side-scattered radiation was also mea-
sured in some experiments to determine if the incident radi-
ation was absorbed or scattered by the plasma. Finally, the
microwave power density was decreased by an order of mag-
nitude to determine if nonlinear effects could be responsible
for the observed attenuation in the reflected microwave sig-
nal.

In this paper, the experimental measurements are de-
tailed in Sec. II, and a discussion of possible theoretical
causes for the observed absorption is presented in Sec. III.
Conclusions are drawn in Sec. IV.

) Permanent address: Department of Applied Physics, Cornell University,
Ithaca, NY 14853,
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II. EXPERIMENTS

The general experimental configuration used for studies
of microwave reflection, transmission, and absorption from
plasma-covered plane conductors is shown in Fig. 1. High-
power microwave radiation from a large orbit gyrotron ( 10
GHz, 100 MW, 30 ns FWHM) is beamed at a 30-cm-diam
brass plate inserted as the endstop in a 150-cm-long acrylic
vacuum chamber. The vacuum chamber is directly connect-
ed to the Gyrotron vacuum system and a vacuum of less than
10~ * Torr is maintained throughout the entire experimental
system. The phase stability of the large orbit gyrotron
(whichisdriven by a 2-MeV, 2.k A, 30-ns pulse line accelera-
tor) is relatively poor, thus ensuring that any observed re-
ductions in reflected microwave signals are almost certainly
not due to standing wave effects. A plasma is created on the
surface of the plate by 19 embedded coxial plasma guns dis-
charged using a laser flashlamp pulser. The discharge end of
each coaxial plasma gun was coated with a titanium-hydride
mixture to ensure a hydrogen-rich plasma. Because the plas-
ma is essentially stationary on the time scale of the micro-
wave pulse, some control over the axial and radial plasma
density profile can be achieved by varying the firing delay
between the plasma guns and the microwave source and/or
the charging voltage on the laser flashlamp pulser.

Diagnostics Section  Plasma Drift Tube
¥ m

Microwave

ln-i'f =] H
Td:u |
Transmitted
Detector
el

\\
Linear Motion Setup
for pwave interferometer

Incident Detector Reflected Detector

FIG. 1. General experimental configuration.
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Measurements of the radial and axial plasma density
profiles in the region upstream of the brass plate have been
obtained using Langmuir probe measurements and 10 GHz
microwave interferometry. Representative Langmuir probe
signals 60 cm upstream of the brass piate on-axis are shown
in Fig. 2 for 2- and 5-kV flashlamp pulser charging voltages.
These results indicate that both the duration and the magni-
tude of the plasma density waveform at this point can be
readily varied by simply controlling the amount of energy
supplied to the coaxial plasma guns. Results of detailed stud-
ies of the axial plasma density profile (all data taken on axis)
as a function of time are shown in Figs. 3 and 4 for 2- and $-
kV flashlamp pulser charging voltages. Plasma density mea-
surements above the critica’ density for the 10-GHz interfer-

(a)

- |
50 usec

{v)

FIG. 2. Typical Langmuir probe waveforms: (a) 2-kV charge on laser flash-
lamp pulser. (b) 5-kV charge.
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FIG. 3. Axial plasma density distributions at various delay times after plas-
ma gun finng, 2-kV charge on laser flashlamp puiser.

ometer (1.2x 10'2 cm *) were inferred by using both the
interferometer data and the Langmuir probe waveforms.

Langmuir probe measurements of the radial plasma
density profile 60 cm upstream of the brass plate are shown
in Figs. 5 and 6 for 2- and 5-kV flashlamp pulser charges,
respectively. To determine shot-to-shot vanability in the
measurements, two measurements were made for each radi-
al position. The nonreproducibility of che data is attributed
to the fact that not all of the coaxial plasma guns were ob-
served to fire on every shot, resulting in some shot-to-shot
inconsistency in the plasma density profile even well up-
stream of the brass plate.

The microwave diagnostic setup used in the experi-
ments is shown schematically in Fig. 1. Additional details on
the incident and reflected rf monitors are provided in Fig. 7.
Not shown in the figure is a standard gain horn employed in
the reflected microwave monitor to ensure sufficient direc-
tionality. As shown in Fig. 1, a third microwave monitor was
inserted right in the brass plate to provide information on the
microwave power that was able to propagate through the
plasma. A number of tests of the diagnostic system were
conducted in advance of the plasma absorption tests, includ-
ing a test in which the brass endplate was covered with con-
ventional microwave absorber of known attenuation at 10

x 50 usec
& [~ X 0 =m== 100 psec
- 0
g \x P 200[1850
> 2 Ou >x
[a] I 4
8t e, oSN,

i Jf"+
(o] 50 100

Axial Position(cm)

F1G. 4. Axial plasma density distributions at various delay times after plas-
ma gun firing, S-kV charge on laser flashlamp puiser.
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FIG. 5. Radial plasma density distribution 60 cm upstream of plane con-
ductor 70 us after plasma gun firing, 2-kV charge on laser flashlamp pulser.

GHz. The attenuation of the reflected microwave signal ob-
served in these experiments compared to that received with
no absorber in place was in good agreement with the manu-
facturer's specifications for the absorber. In a second test,
the incident and reflected microwave receiving antennae
were cach covered with copper foil in turn, and observed
microwave signals dropped to levels below ambient noise
levels. This test was conducted to ensure that rf leakage
around waveguide flanges or coax connections would not
corrupt microwave measurements. Finally, the radial profiie
of the microwave radiation produced by the large orbit gyro-
tron was measured by rotating the reflected rf antenna so
that it received the incident microwaves. This antenna was
then moved radially and the microwave power received was
normalized to that received by the incident rf monitor, as
shown in Fig. 8. Several measurements were obtained for

32} .
30} -
28} ° 7

26

©0

(0]
22+ .

Plasma Density (relative units)

). i L | 1 1

L L L 1 1 i
0.0 2.5 5.0 75 10.0 12.5
Radial Distance from Center of Tube (cm)

FIG. 6. Radial plasma density distribution 60 cm upstream of plane con-
ductor 70 us after plasma gun firing, 5-kV charge on laser flashlamp pulser.
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FIG. 7. Incident and reflected microwave detector configurations.

each radial position. As can be seen, the incident microwave
radiation is fairly uniform over the cross section of the 30-
cm-diam vacuum chamber, with the approximately 6 dB in-
crease in the incident microwaves measured by the “‘reflect-
ed” rf monitor attributable to the 6-dB standard gain horn
used on that detection system. Shot-to-shot variations, how-
ever, are relatively large.

Typical reflected microwave signals with and without
plasma are shown in Fig. 9. It is readily seen that under
optimum conditions the presence of the plasma results in a
significant reduction in the reflected microwave signal. Fig-
ures 10 and 11 present results of extensive measurements of
the reflected rf signal (normalized to the incident rf on each
shot) as a function of the firing delay between the coaxial
plasma guns and the microwave pulse. The system reflection
baseline limits represent the range of results obtained with

I i B N A A
oL ]
— 8_
g ,°
'ﬁ' 5@ 8 —d
)
é_ 48 ® -
£ sr * e 5
1 ® -
0 R IR NN SR SRS SR SR S U

0 1 2 3 4 5 6 7 8 9 10
Radial Distance from Center of Tube, (cm)

FIG. 8. Normalized incident microwave power density vs radius 150 cm
upstream of plane conductor.
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(b)

FI1G. 9. Typical rectified refiected microwave waveforms: (a) no plasma.
56-dB fixed attenuation, (b) with plasma (5-kV charge, 50 um delay), 36-
dB fixed attenuation.

no plasma over many shots. Data are once again shown for 2-
and 5-kV charging voltages on the laser flashlamp pulser. It
is evident that the maximum attenuation of the reflected sig-
nal due to the presence of the plasma is in the range 20-33 dB
under optimum conditions in both cases. The range of firing
delays over which significant attenuation is observed is

.5 T T T T T T T T
-10
System Reflection Baseline
A5F -
g 20 ~
2.25 ® ~
e e °o
< —
af -30
35k -
40 ~1
-45 L Qg_ bl . e T
10 30 100 300 1000

Delay Time : Plasma to pwaves (usec)

FIG. 10. Normalized reflected microwave power as a function of delay time
between firing of plasma guns and the microwave pulse, 2-kV charge.

6316 J. Appl. Phys., Vol. 69, No. 9, 1 May 1991

5 . T ~n
-10F ) ' -
15 Svstem HReflection Baseline 2 _

Jor ‘20"'_ 2 O -

= ! @ 8

~y 25} @ -

& 301 8 ® ~

< © 3 ;
2 ® 1
.35 Bo 20O -
o6 ;
40 @ -
®

45+ g ¢® —
-50 L . il AJ

3 10 30 100 300 1000

Delay Time: Plasma to uwaves iusec)

FIG. 11. Normalized reflected microwave power as a tunction of delay time
between firing of plasma guns and the microwave pulse, 5-kV charge.

much more narrow for the 2-kV charging voltage, however,
consistent with the much shorter plasma lifetime associated
with this condition. It is interesting to note that some attenu-
ation is observed for firing delays as large as 200 us, even
though the Langmuir probe measurements indicate that the
plasma pulse duration is no more than about 100 us, 60 cm
upstream of the plane conductor. Reflected rf was also found
to be fairly uniform over the cross section of the 30-cm vacu-
um chamber, at least at the axial position of the reflected
microwave monitor.

Results of measurements obtained from the transmitted
rf monitor located on the brass plate are shown in Fig. 12.
The magnitude of the normalized baseline measured without
plasma is related to the coupling of rf to the receiving wave-
guide and should not be used as an indication of the absolute
microwave power density reaching the plate. Nevertheless,
itis clear from the figure that this signal is strongly attenuat-
ed over the same range of firing delays that resulted in signif-
icant attenuation of the reflected rf signal, although not at as
high a rate as simple evanescent decay of the wave in the
overdense region near the plate would imply.

In order to ensure that the plasma was not simply scat-

-20 LR T T 1 Ty T T YT T rTTT

25 -

-30 - - 5—8‘—_
System Reflection Baseline 0]

-~ 35 —G =

m

2 4wt -

g 9 -

ar 46 ) o

g-50 @

551 g 4
60— g ge 8 .
651 ®
70 [ R EE Lol Lo Uiy

3 10 30 100 300 1000

Delay Time : Plasma to pwaves (psec)

FIG. 12. Normalized transmitted microwave power as a function of delay
time between firing of plasma guns and the microwave pulse, 5-kV charge.
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tering the rf out the sides of the acrylic vacuum chamber, a
third microwave detector was mounted on the side of the
vacuum chamber at an axial distance of 75 cm from the brass
plate. This detector measured rf exiting radially out of the
vacuum chamber and the standard gain horn employed had
an acceptance angle of about 30°. Results of these measure-
ments, shown in Fig. 13, indicate that there is not a signifi-
cant increase in side-scattered rf at firing delays correspond-
ing to significant reductions in the reflected rf signal. In fact,
side-scattered rf appears also to be reduced by the presence
of the plasma. especially at a firing delay of 50 us. In this
figure, the zero delay time data corresponds to not firing the
plasma guns, and therefore approximates the normalized ba-
seline for these measurements.

In a final experiment, the total microwave power from
the large orbit gyrotron was reduced by an order of magni-
tude to about 10 MW to determine if nonlinear effects were
an important cause of the observed rf absorption. As shown
in Fig. 14, the maximum attenuation of the reflected signal
under optimum plasma conditions in this case was about 20—
25 dB below the normalized baseline, compared to about 30
dB for the higher power experiments. Thus it is possible that
nonlinear effects may play a role in explaining the observed
effects.

il. THEORETICAL DISCUSSION

Many mechanisms can produce electromagnetic wave
energy absorption in plasmas, including electron-ion and
electron-neutral collisional absorption, cyclotron resonance
absorption, instabilities, and other nonlinear effects. In this
section we will briefly address each of these possibilities with
the exception of cyclotron resonance absorption. We are
omitting this possibility because there is no applied magnetic
field in the wave-plasma interaction region.

The damping constant for an electromagnetic wave
propagating in a homogeneous plasma in which the electron-
ion collision rate v, is given by

—
(D
l@
I

8

-

T
{

26+ =
1 1 1 L A 3
0 10 20 30 40 50

Delay Time : Plasma to pwaves (usec)

FIG. 13. Normalized side-scattered microwave power as a function of delay
time between firing of plasma guns and the microwave puise, 5-kV charge.
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where w, is the wave frequency, w,, = (ne’*/em)'? is the
electron plasma frequency, € is the permittivity of free
space, and ¢ is the velocity of light in vacuum.” Here m is the
electron rest mass, 2 is the electronic charge, and n is the
electron density. For inhomogeneous plasmas the damping
factor is somewhat different, although not so different as to
change the overall picture. Clearly wave damping will be
strongest near @, = @,,. To see effective wave damping
from electron-ion collisions, therefore, (v, /c) L>0.5 near
@, = w, where L isacharacteristic scale length for the plas-
ma. If L = 10 cm, the electron-ion cotlision frequency mu.t
therefore be at least 10° s~'. At the critical density of
n=12X10"%cm ~? and taking T, = 2 eV (a valueapproxi-
mately equal to the electron oscillation energy in the wave
electric field), the electron-ion collision frequency is esti-
mated to be 2.5X 107 s~ '. Thus for these experiments the
electron-ion collision frequency is simply too small to ac-
count for significant wave damping.

A second possible collisional absorption process is wave
energy loss to electron-neutral collisions, in which it is as-
sumed that the plasma is immersed in a dense neutral back-
ground. Electron-neutral collisional absorption has been ob-
served in high-power microwave propagation experiments'®
in which a high-power microwave pulse is used to break
down the atmosphere and subsequent wave energy is cou-
pled to the neutral background by the plasma electrons. For
electron-neutral collisions to be a significant source of wave
energy damping, however, the ambient neutral gas pressure
must be at least | Torr assumingn=n_,, and T, =2eV as
discussed previously. Since the actual ambient pressure in
the vacuum chamber is initially about 1 mTorr and is not
observed to rise significantly when the plasma guns are fired,
electron-neutral collisions are also not a likely source of the
observed wave attenuation.

A number of instabilities are also candidates for wave
energy loss, including the oscillating two-stream instabil-
ity,!" the ion acoustic decay instability,'? the two-plasma

Destler ot a/. 6317




decay instability'® and instabilities driven by stimulated Ra-

man scattering'* and stimulated Brillouin'’ scattering. Of

these, even at the high microwave intensity associated with
the experiments, the oscillating two-stream instability ap-
pears to be the only one with sufficiently high growth rates to
significantly affect the wave amplitude on the 30 ns time
scale of the experimental microwave pulse. This instability
OCCUrs near @, = w,., and for a homogeneous plasma has a
threshold for instability given by

Vose : Ve
(=)0 @

v @y

where v, is the electron oscillation velocity in the wave
field, and v, is the electron drift velocity. The osciilating two-
stream instability is characterized by a very high growth rate
with e-folding times estimated to be subnanosecond for the
experimental parameters reported here.

Another possible mechanism has been investigated by
Rowland,'® who has studied numerically anomalous ab-
sorption processes in collisionless plasmas. In this work, the
presence of transverse structure in a plasma at the critical
density layer is reported to increase the coupling between the
electromagnetic wave and electrostatic plasma waves and
lead to enhanced absorption of the radiation. Simulations
show 90% absorption of the incident wave energy and a
reduction in the backscattered rf by 20 dB.

IV. CONCLUSIONS

A significant (20-33 dB) reduction in the backscattered
microwave signal from a plane conductor has been observed
when a plasma is created on the surface of the conductor
under optimum conditions. Measurements of the plasma
and ambient neutral densities indicate that the primary ab-
sorption mechanism is not collisional in nature. Although it
is possible that either the oscillating two-stream instability
or the coupling of electromagnetic wave energy to electro-
static waves resulting from a transverse density structure at
the critical density layer may account for the observed at-
tenuation in the backscattered rf, further experimental and
theoretical work will be required to definitively determine
the loss mechanism. For example, predetermined transverse
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structures can probably be created by creating plasma at
only a few of the 19 coaxial plasma guns located on the brass
plate. Future studies will concentrate on a careful determin-
ation of the loss mechanism and on its possible enhance-
ment.
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Experimental study of interaction of microwaves with a nonmagnetized
puised-plasma column
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The time evolution of backscattered and sidescattered microwaves from a plane conductor
covered by a pulsed-plasma column has been studied; transmitted signals along the axial and
transverse directions of the column have also been studied. The incident microwaves are at a cw
power level varying from a few milliwatts to a few watts. The cw nature of the signal makes it
possible to observe the fine structure in the time evolution of the interactions. The plasma is
generated by an array of plasma guns embedded in the conducting plate. The plasma density has
a gradient in the axial direction and contains regions of subcritical and supercritical plasma
density. Reductions in the backscattered radiation down to the lowest measurable levels with
available equipment are observed for durations that are an order of magnitude longer than the
duration of the current pulse that generated the plasma. Variations caused by changes in the
charging potential on the plasma gun capacitor bank, the pressure of the background gas, and
the frequency and power level of the incident microwaves are reported. The attenuation in the
backscattered radiation decreases with increasing pressure, especially at lower charging
potentials. There is a close correlation between the timing and location of sidescattered signals
and the transition of the critical density layer across the axial position of the detectors for the
scattered signal. The amplitude of the scattered signal was aiso measured. Estimates have been
made for the percentage of incident power accounted for by scattering. Models are discussed for

absorption of microwaves in the plasma.

I. INTRODUCTION

Compared to conventional absorbers of microwaves,
plasmas offer the possibility of a wider frequency coverage,
switchability, and tunability. The reduction in microwave
backscatter and effective absorption of microwaves by plas-
mas have thus been the subject of investigation at a number
of laboratories.”® The nature of the plasmas ‘studied has

included isotropic and magnetized plasmas, those gener-

ated by photoionization or by arc discharge, those that are

collisional or collisionless, and those that are confined in

waveguides, cones, or enclosures. We have reported previ-
ous studies at this laboratory dealing with experiments us-
ing pulsed microwaves of 30 ns duration at megawatt
power levels.” Attenuation of the order of 30 dB in the
backscattered microwave signal from a conducting plate

was achieved by generating a pulsed plasma in front of the

plate using plasma guns embedded in the plate. Various
phases of the time evolution of the interaction process were
studied by varying the time lag between the triggering of
the plasma and the firing of the source of microwaves (a
large-orbit gyrotron). The background pressure was of the
order of 0.1 mTorr. At such a pressure electron-neutral
collisions were not considered to be a major cause of the
observed attenuation. Different parametric instabilities
were considered as possible causes, and threshold values
were estimated. Consequently, in spite of the high micro-
wave power level, only the oscillating two stream instabil-
ity appeared to have a sufficiently high growth rate to sig-

*)Present address: Denartment of Electrical Engineering, Massachusetts
Institute of Technology, Cambridge, MA.
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nificantly affect the wave amplitude. The possibility of
enhanced absorption due to a transverse structure at the
critical density layer was also noted.

The present study was motivated by a desire to under-
stand more clearly the nature of the underlying phenome-
non, and thus to be able to optimize its application. To this
end, the experiment was modified so as to use continuous-
wave microwaves in the power range of a few milliwatts to
a few watts. Consequently, the fine structure in the se-

" quence of development of the microwave-plasma interac-

tion can be studied systematically. The resultant digitally
stored data can be analyzed to give a time resolution down
to nanosecond range. In addition, the lower-power micro-

~ wave sources allow a much larger number of experiments

in a given span of time and thereby permit a much more
complete exploration of the parameter space. Finally, the
low-power experiments allow for an investigation of the
rf-plasma interactions at power densities seven orders of
magnitude lower than the previous studies, thereby shed-
ding additional light on the presence of any nonlinear ef-
fects. The operating parameters that were varied included
the charging potential on the capacitor bank that fed the
plasma guns, the pressure of the background gas, and the
frequency and power level of the incident microwaves.

In Sec. II of this paper the experimental setup and
techniques used are described. The dependence of back-
scattered and axially transmitted microwave signals on op-
erating parameters is presented in Secs. III and IV, respec-
tively. Results on the time evolution of both sidescattered
and transverse transmission signals are given in Secs. V
and VI, respectively, and their correlation is presented in
Sec. VII. Observations on the amplitude of the sidescat-
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FIG. 1. Schematic diagram of the experimental setup.

tered signal and estimation of its power as a percentage of
the incident signal are given in Secs. VIII and IX, respec-
tively. Results of simulations of reduction in backscattered
signal in a transversely homogeneous plasma are presented
in Sec. X, the effects of the process of generation of the
plasma on its lack of homogeneity are discussed in Sec. XI,
and a model based on resonance absorption in a trans-
versely inhomogeneous plasma is outlined in Sec. XII.
Conclusions are summarized in Sec. XIIL

. THE EXPERIMENTAL SETUP AND TECHNIQUES
USED -

A schematic diagram of the setup is shown in Fig. 1.
The microwave-plasma interaction occurred in an acrylic
tube 1.35 m long with a diameter of 30 cm. The plasma was
generated by an array of four plasma guns embedded in a
stainless-steel plate attached to one end of the tube. Each
gun consisted of a spai”. nlug with the space between inner
and outer conductors fhied with an epoxy containing tita-
nium hydride. These guns produced what was essentially a
hydrogen plasma when an arc discharge current was
passed through them.

The other side of the tube was closed by a plexiglas
plate, or a microwave lens for measurements at 10 GHz.
The incident microwaves were launched by a standard-gain
horn having a gain of 20 dB. Its distance from the lens was
adjusted to minimize changes in the backscattered signal
when a shorting plate was moved axially back and forth on
the other end of the acrylic tube. A minimum of 1.5:1 in
the ratio of highest to lowest values of backscattered sig-
nals was obtained for a frequency of 10 GHz when the
distance between the mouth of the horn and the front
(flat) face of the lens was 6 cm. This procedure was
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adopted so as to obtain as good an approximation as pos-
sible of a plane-wave front emerging from the curved rear
surface of the lens.

The incident microwaves were generated by two low-
power (0-100 mW) sources at 10 and 13.77 GHz. Where
higher power was required, a travelling-wave tube ampli-
fier was added. Power to the 20 dB horn was fed via a
circulator having a nominal directivity of 30 dB. This sep-
arated the outgoing signal from the reflected signal. The
latter was detected and fed by coaxial cable to a digital
oscilloscope. Using this kind of transmit-receive arrange-
ment employing a single horn, measurements of the atten-
uation in the backscattered signal could be made with a
dynamic range of up to about 30 dB (a figure limited by
the directivity of the directional coupler).

To study the extent of delay between initiation of dis-
charge current and the reduction in backscattered signal,
the two were probed simultaneously as shown in Fig. 2. It

E.A

z 3

gs 0 -k
EE 40 e s o /420 8%
%5 80 10 %a
S5 el =8
< 120 "Duchu'gecurnnto 8
0.0 5.0 100 |

TIME (psec)

FIG. 2. Time relationship between start of plasma discharge current and
the start of reduction in backscattered signal (the latter increases down-
ward in the graph). Delay is of the order of 1 us.
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FIG. 3. Early phase of backscattered signal (without balancing out of
parasitic reflection); frequency is 10 Ghz, charging potential is 8.5 kV,
and pressure = 100 mTorr.

is seen that the delay is of the order of 1 us. Furthermore,
in this initial phase the two traces do not indicate a highly
nonlinear relationship between the backscattered signal
and the discharge current (notice that in the graph, the
backscattered signal increases downwards).

The reflected signal has three main components: (a)
the signal propagating through the plasma to the flash
plate and back; (b) the signal reflected from the front
surface of the plastic plate or the lens; and (c) the signal
reflected from the plasma gradient itself. These three com-
ponents together produce the detected signal, which has a
cyclically varying nature and which contains information
on the amplitudes as well as the relative phases of both the
tf signals. In the first 200 us or so, the fluctuations in the
detected signal often showed segments of different period-
icity, with a phase reversal in between. An example of such
a trace is shown in Fig. 3. A possible explanation is that the
backscattered signal is slightly shifted in frequency. This
can be ittributed to a Doppler shift by reflection from a
layer whose location travels across the tube due to changes
in the density profile.

Shifts in frequency can also resuit from rises and falls
in density of the plasma with time.'® The relatively slow
fluctuations in the backscattered signal toward the end of
the interaction period can be attributed to the effect of
plasma density slowly decaying below critical value. This
changes the effective dielectric constant of the plasma and
produces a phase shift between reflections from the front
and the rear ends of the tube.

The fluctuations in the detected backscattered rf signal
are indicative of interference fringes resulting from its beat-
ing with parasitic reflections. While observations of inter-
ference fringes do provide useful information, they can aiso
prevent accurate measurements of the amplitude of the
backscattered signal. With this in view, a bridge circuit
using a hybrid tee was included in the detector system as
shown in Fig. 1. A signal tapped from the incident wave
was used to cancel parasitic reflections such as from the
surface of the lens. The amplitude and phase of the can-
celling signal were adjusted to minimize the composite de-
tected signal when the metal end plate was substituted tem-
porarily by an anechoic box. Figure 4 shows the
backscattered signal (a) without and (b) with the balanc-
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FIG. 4. Backscattered microwave signals {a) before and (b) after bal-
ancing out parasitic reflections from the lens and other surfaces. Fre-
quency is 10 GHz, charging potential is 8.5 kV. and pressure 1s 100
mTorr.

ing out of parasitic reflections, in a typical case. It is seen
that the fringes are considerably reduced, though not com-
pletely eliminated.

In the case shown in Fig. 4(b), and other similar cases
where the attenuation in backscattered signal is the high-
est, the trace becomes almost indistinguishable from the
zero line. In order to increase the dynamic range of the
measurement, a gating circuit was added to the amplitude
modulation facility provided in the low-power oscillator.
The timing of the gate was set in such a way that the power
would be stepped up by a known factor in a time period
when the attenuation due to the plasma was high. Thus,
the detector could measure both the large backscattered
signal without the plasma but with low incident power and
also the attenuated backscattered signal at a higher inci-
dent power level without saturating the detector. Figures
5(a) and 5(b) show the detected traces without and with
the gated upshift in power level of incident microwaves. In
this way attenuation of the order of 30 dB could be mea-
sur-. In our configuration where the same horn acts as the
sendiag and the receiving horn, the accuracy was restricted
by the limitation in directivity of the circulator employed
as well as the microfluctuations in the plasma itself. These
fluctuations also show up in the enhanced level of back-
scattered signal when the power is stepped up during the
selected time gate, as seen in Fig. 5(b).

Observations on the axial t-insmission through the
plasma column viere «!so conducted. In this case an open-
er 4od waveguide was used to sample the received signal at
the suctzce of the flash plate.

For observations on sidescattered and transversely
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transmitted radiation, auxiliary horns were used that were
oriented radially, as shown in Fig. |. Their locations and
orientation are discussed in greater detail in Sec. V.

ill. DEPENDENCE OF BACKSCATTERED SIGNAL ON
OPERATING PARAMETERS

Using the setup described in the previous section, a
series of experiments was conducted on the time evolution
of the backscattered microwave signal as a function of var-
ious parameters. Typical results are summarized below.

Figure 6 shows the time evolution of the backscattered
signal for different values of background pressure ranging
from 15 mTorr to 10 Torr, when the charging potential
was 8.5 kV. It is noticed that the duration of maximum
attenuation is of the order of 600-800 um. (The duration
of the discharge current that generates the plasma is ap-
proximately 40 um.) In general the duration is an order of
magnitude higher than the duration observed in our high
microwave power experiment.? In the present experiments
there is a lens or a partition at the end of the tube opposite
to the flash plate. This and the pressure of background gas
are possible parameters helping to retain higher plasma
densities for a longer time than in the previous studies
where there was a direct connection to a large-orbit gyro-
tron at low background pressure with no interface in be-
tween.

Figure 7 shows the time evolution of the backscattered
signal for plasma gun capacitor bank charging potentials of
8.5, 6.0, and 3.5 kV. The duration of the maximum atten-
uation decreases with reductions in the charging potential.
It is seen that for 3.5 kV charging potential, the trace
shows a decrease in attenuation followed by another in-
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crease. At higher charging potentials these two regimes
appear to merge. It has also been observed that, when the
charging potential is low, the maximum attenuation in
each shot decreases with increase in pressure, as seen in
Fig. 8(a) for the case of 3.5 kV. However, for 8.5 kV the
variation of maximum attenuation with pressure could not
be determined, because the detection system accuracy was
limited in attenuation measurements to 30 dB or less. Fig-
ure 8(b) shows the duration of the maximum reduction in
backscattered signal as a function of background pressure.
It is seen that it falls noticeably for pressure above 0.1
Torr, for the case of 3.5 kV charging potential. However,
for 8.5 kV charging potential it remains nearly constant up
to 1 Torr and falls rapidly above 5 Torr.

The time evolution of the backscattered signal as a
function of the incident microwave power level is shown in
Fig. 9. The three traces represent a variation of 7:1 in the
level of microwave power backscattered from the flash
plate in the absence of the plasma. The sensitivity of the
scale was adjusted to accommodate the received signal
level. The bridge circuit was not fully balanced in this case,
so that the traces do show the various phases of evolution
of the plasma. The traces are not identical. However, over
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this power range the general nature of the behavior does
not change significantly.

V. DEPENDENCE OF AXIAL TRANSMISSION ON
CHARGING POTENTIAL

In this set of experiments the microwave power level
reaching the flash plate was sampled by an open-ended
waveguide inserted into the flash plate on axis (as shown in
Fig. 1). The time evolution of the received signal at charg-
ing potentials of 8.5, 6.0, and 3.5 kV is shown in Fig. 10.
The period of high attenuation is followed by an increase in
the signal, which in turn is followed by another period of
increased attenuation. This effect is more prominent at the
lowest charging potential of 3.5 kV. It is also reminiscent
of a similar effect in the case of backscattered signal. The
duration of the first period of high attenuation as a func-
tion of the charging potential is shown in Fig. 11. The
variation is seen to be an almost linearly increasing func-
tion of charging potential. This can be attributed to the
higher plasma density achieved with the larger charging
potential, which then takes a longer time to deplete below
the critical value at every location.

V. TIME EVOLUTION OF THE SIDESCATTERED
SIGNAL

In studying the physical phenomena responsible for
the reduction in the backscattered signal, it is also of im-
portance to observe the nature of the sidescattered signal.
This was done by detecting the signal picked up by a hom
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which pointed in the radial direction and which could be
set at various distances from the flash plate in the axial
direction (Fig. 1). Several orientations of the launching
and receiving horns were studied. The orientation studied
most extensively was one in which the E vectors of the two
horns were aligned parallel to each other, which was re-
ferred to as the x direction. In another combination, the E
vector of the receiving horn was oriented in the z direction.
Finally, the launching horn was turned by 90° (its £ vector
now being in the p direction), which had the same effect as
if the receiving horn and its supporting structure had been
turned around in azimuth by 90°.

The sidescattered signal at various distances z from the
flash plate is shown in Fig. 12 for the orientation of x and
x for the horns. It is observed that the scattered signal
consists of two groups of pulses. These are well separated
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in time at small values of z and tend to coalesce at larger
vajues; they merge near z=48 cm. Beyond this distance the
amplitude drops dramatically. As discussed in more detail
later, the broad nature of this phenomenon is attributed to
the fact that the sidescattering takes place mainly during
those time periods when a layer of critical density transits
across the given axial location of the receiving horn.

In a further study of possible nonlinear effects, the
sidescattered power for the above orientations of horns was
observed at a frequency of 13.774 GHz, while varying the
incident power level over a range of 30 dB. Figure 13
shows the relationship of the two on a log-log scale. It is
seen that the curve is nearly a straight line, with a slope of
1.046. These observations point to the fact that the incident
and scattered power levels are linearly related over a
1000:1 power range.

Figures 14 and 15 show the sidescattered signal with
its E vector in the z direction, for the cases where the
sending horn had its £ vector in the x and p directions,
respectively. The feature of the two groups of puises that
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FIG. 14. Time evolution of backscattered signals (upper traces) and
sidescattered signals (lower traces), at different distances z from flash
plate; polarization of incident signal in x direction and that of scattered
signal in z direction. Frequency is 10 GHz, charging potential is 8.5 kV,
and pressure is 72 mTorr.

their separation diminishes with z is common among these
figures und Fig. 12. The power levels, however, are signif-
icantly lower, when the setting of attenuators is taken into
account. In a comparison of the peak power levels made at
13.77 GHz for scattering in the x-x orientation versus the
x-z orientation, the former was higher by a factor of =10
dB in the general vicinity of the flash plate. The ratio de-
creased at greater-distance from the flash plate.

Also included in Figs. 12, 14, and 15 are simultaneous
traces of the backscattered signal, (denoted by B.S. in the
margin of the graphs, while the sidescattered signal is de-
noted by S.S.). Here the bridge was not fully balanced, so
that the backscattered signal also includes phase-shift in-
formation.

Vi. TIME EVOLUTION OF TRANSVERSE
TRANSMISSION

Measurement of the transverse transmission of micro-
waves across the plasma at various locations and time pe-
riods provides a means of studying the time history of the
regions of supercritical density in the plasma. These obser-
vations were taken by using a radially located horn as the
sending horn with another one located opposite to it for
receiving the signal (see Fig. 1). The axial location of the
two horns could be varied. When the transmission is al-
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FIG. 15. Time evolution of backscattered signals (upper traces) and
sidescattered signals (lower traces) at different locations z; polarization of
incident signal in y direction and of scattered signal in z direction. Fre-
quency is 10 GHz, charging potential is 8.5 kV, pressure is 72 mTorr, and
reflection baseline (flash plate without plasma) is 7.5 W.

most completely cut off, a region of supercritical density
can be assumed between the horns.

Figure 16 shows the time evolution of transverse trans-
mission at various locations for a charging potential of 3.5
kV, background pressure of 13 mTorr, and frequency of 10
GHz. At each location three observations of successive
plasma shots were superimposed. so as to give an indica-
tion of shot-to-shot variations. The diagram also shows the
wave form of a current pulse sent through the plasma guns,
for comparison of duration. The general nature of the
traces shows that near the flash plate the transverse trans-
mission is cut off almost in synchronism with the rise of the
discharge current. Transmission is blocked for nearly 300
ps which is nearly an order of magnitude longer than the
full width at half-maximum (FWHM) duration of the cur-
rent discharge (even for this relatively low value of charg-
ing potential). At greater distances from the flash plate the
duration of the cutoff in the transverse transmission is re-
duced. Furthermore, there is an intermediate period of re-
duced transmission whose duration increases with distance
z. After the period of compiete transmission cutoff, the
transmission slowly increases.

Figures 17(a) and 17(b) show the time evolution of
transverse transmission for three different charging poten-
tials for a background pressure of 13 and 45 mTorr, re-
spectively. The duration of complete transmission cutoff
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from the flash plate: frequency is 10 GHz, pressure 1s 13 mTorr. and
charging potenual is 3.5 kV. Three shots supennmposed for each value
of 2.

diminishes as the charging potential is reduced. This cutoff
period is followed by a period of rapid fluctuations. The
received signal rises to almost the full value that existed
prior to firing the plasma guns for the case of 13 mTorr
pressure. However, for 45 mTorr pressure the signal falls
again and reaches a plateau followed by some further un-
dulations, unti! the original level is restored.

Vil. THE CRITICAL DENSITY BOUNDARY AND ITS
CORRELATION WITH SIDESCATTERED
SIGNALS

Based on the observations made of transverse trans-
mission, plots have been made of the position of the critical
density plasma layer as a function of time. Two such
curves for the case of charging potentiais 8.5 and 3.5 kV
are shown in Fig. 18. As may be expected, the boundary
for the latter lies inside the former, the duration of the
supercritical boundary being shorter in the latter case. An-
other noteworthy feature is the plumelike shape appearing
at large values of z.

Measurements of the position of the peak sidescattered
signal (horns in the orientations x and x) as a function of
time have also been made, and are shown along with the
critical density boundary in Figs. 19(a) and 19(b) for the
cases of charging potential 8.5 and 6 kV, respectively. As
can be readily seen, the sidescattered signal appears to orig-
inate at or near the critical density layer.

An experiment to test the correlation of the sidescat-
tered microwaves with the position of the critical density
layer was also conducted at 13.77 GHz. Results are plotted
in Fig. 20. For these measurements the charging potential
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pressure is 13 mTorr. (b) Time evolution of transverse transmission near
flash plate (z=8 cm), for different charging potentials V. frequency is
10 GHz, pressure is 45 mTorr.

was 8.5 kV, and the orientation of the horns corresponded
to x-x polarization. It is seen that the duration of super-
critical plasma density is less than for the 10 GHz studies.
This is as expected since the critical plasma density is

WO ———T——T1 7 T T
- d
-{
. )
3 -
2
z 2
= -
=
.
o L
0 10 20 30 40 50 60
¢ AXIAL COORDINATE (cm)
Flashplate
Position

FIG. 18. Time evolution of critical density boundary as a function of
location for charging potentials of 8.5 and 3.5 kV; frequency is 10 GHz,
background pressure is 45 mTorr, and microwave power =30 mW.
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higher in this case. Once again, the sidescattered radiation
appears to originate at or near the critical density layer.

Viil. AMPLITUDE OF THE SIDESCATTERED SIGNAL
AND ITS 3D PLOT

Apart from correlations of the timing and location of
the sidescattered radiation with those of the critical density
layer, we have studied the amplitude of the scattered radi-
ation. Figure 21 gives the variation of the peak of sidescat-
tered signal with axial distance from the flash plate. The
curves in the graph show the peak values averaged over
eight shots for the two groups of sidescattered pulses when
the plasma density is rising and falling, respectively. An
interesting feature is the dip in the vicinity of 30 cm axial
distance. It is attributable to attenuation of incident micro-
waves caused by a short-lived plume of a low-density
plasma that proceeds ahead of the main body of the plasma
as it propagates away from the flash plate. An indication of
shot-to-shot variations can be had from the data points
included in the diagram for single shots instead of the av-

eraged eight shots.
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In order to get an overview of the trends of amplitude
variation, we approximated the envelope of each of the two
sidescattered signal groups with the least-squares fit of a
Gaussian curve. The coordinates interpolated from the
Gaussian curves provide arrays of data for the two groups.
These were then used to produce three-dimensional plots
which give the shape of the envelopes as a function of time
and axial distance. In this process the details regarding
individual pulses or fluctuations that ride on the envelope
are smoothed out. Hence the 3D plot represents general
trends and not the fine structure. The 3D plot shows the
peaks at 11 discrete values of axial coordinate, which
makes them stand out in an isolated fashion. A dotted line
has been added to the plot to indicate a continuous ridge,
as a closer approximation. Figure 22 shows such a plot.
The two ridges are far apart near the flash plate and tend to
merge into one ridge farther away. They are reminiscent of
the two-dimensional graphs in Figs. 19(a) and 19(}b) even
though the precise layout in time and axial coordinate is
somewhat different.
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FIG. 21. Time evolution of peak sidescattered signal averaged over eight
shots, at various axial distances from flash plate. Some data points from
single shots are also shown for comparison.
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FIG. 22. Three-dimensionai piot of the envelope of sidescattered radia-
tion with respect to ume and axial distance coordinates. The pulses and
fluctuations in the scattered signal are smoothed by a Gaussian approxi-
mation of the envelope of the sidescatter signal.

IX. ESTIMATION OF PERCENTAGE OF
SIDESCATTERED SIGNAL

In order to estimate the fraction of the incident power
that is sidescattered, it is necessary to integrate the mea-
sured power density over the entire circumference of the
plasma tube as well as over an axial length greater than
that of a horn at a single position. In addition, contribu-
tions can also come from different polarizations. The ori-
entations of the transmitting horn and the horn that re-
ceives the sidescattered signal can be adjusted in four
different combinations. They represent the two orientations
of the incident E field, namely along x and y axes in com-
bination with the orientations of the received E field,
namely along x and z axes, according to the direction of the
three axes shown in Fig. 1. Rotation of the receiving horn
provides data on the two possible planes of polarization of
the scattered signais. Rotation of the plane of polarization
of the incident microwaves provides information on the
variation of the scattered radiation with polar angle. This
last variation provides two values for the scattered signal
equivalent to putting the receiving horn at azimuthal an-
gles, ¢=0" and ¢=90". Furthermore, it is necessary to
estimate the values obtained for other azimuthal positions.
Making use of system symmetries and because diffusion
and recombination in plasma can be considered as
smoothly varying processes, we assume that the variation
of scattered power with ¢ goes as

p($)=c +cysin’ 4,

where ¢, =Ppiny €2={Prnax—Prin)» and Py, and P, are
the measured scattered power for the two azimuthal posi-
tions. It was observed that P, was =0.65P,,, near the
flash plate, while the ratio of Py, to Py, became nearer to
unity near the opposite end of the tube. This could be
attributed to the homogenizing effect of stray reflections
within the tube.

The following simplifying assumptions were made re-
garding the receiving horn: (a) the power density of radi-
ation is uniform across the aperture of the horn; (b) the
effective area of the horn for purposes of determination of
directivity is (8/m 2 )AB, where A is the length and B the
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width of the mouth of the horn''; (¢) most of the power
enters within the main lobe of the radiation pattern of the
homn.

The power received over a strip around the plasma
tube whose length is the same as the dimension of the horn
that is paraliel to the axis i1s obtained by integrating p(4)
over the azimuthal range. In the case where the homn 1s
oriented to receive E,

Psnp=(2m r/B)(c,+0.5¢,),

where r 1s the radius at which the receiving horn is located.
The denominator is replaced by A when the receiving horn
is oriented to receive £. A summation of p,,, for stnps
down the length of the tube provides an esumate of the
total scattered power flux at a given instant of time. The
process can be repeated at numerous other instants of time
and the scattered energy over a given interval of time can
thus be evaluated. This result was compared initially with
the energy reflected when no plasma was present.

A time interval of 80 us was chosen for the integration
of the sidescattered power producing the energy estimate.
In this period practically all the scattered energy is in the
vicinity of the flash plate. For the case where E. is the
received polarization, this time interval is covered by three
axial positions of the receiving horn at 4.5, 12.5, and 21.0
cm from the flash plate. At each position eight shots of the
pulsed plasma were used to determine an average so as to
minimize the effects of shot-to-shot jitter. The E field of the
incident signal was in the y direction. The ratio of the
measured scattered energy to the energy reflected without
the presence of plasma was evaluated as described earlier,
and is calculated to be 5%.

In the case of E, polarization for the scattered signal,
the receiving horn has its large dimension 4 in the axial
direction. Thus nearly the same axial length is covered in
two positions of the horn. Fewer shots were taken in this
case. The contribution of scattering is of the same order.
This indicates that the ratio of the scattered energy to the
reflected energy without plasma is about 10% including
both polarizations, £, and E,, of the scattered signal. It is
estimated that with no plasma the reflected energy received
at the transmitting horn is about 10% lower than energy
incident on the flash plate. The ratio of scattered energy to
the energy incident on the flash plate is correspondingly
reduced to an estimated value of 9% from the above mea-
surements.

Using the same basic techniques without integration
with respect to time, we evaluated the ratio of the peak
value of instantaneous scattered power to that of reflected
power without plasma. These peak ratios are shown in
Table I, for various parameters regarding charging poten-
tial, polarization of incident and scattered waves, and
background pressure. A trend that is noticeable is that the
ratio of peak scattered power to incident power increases as
the. pressure of the background gas is increased. The in-
stantaneous peak power levels for different parameters and
polarizations cannot be added directly as the exact timing
of the peaks may not be the same. These figures are pre-
sented here so as to provide an estimate of percentages
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TABLE 1. Ratio of peak scattered power 10 incident microwave power.
for different vaiues of charging potenual. polanzation. and pressure of
background gas.

——

Polarization Pressure ot Rauo of

¥ harge background gas peak scaitered power/
(kV) Incident Scattered (mTorr) incident power

3.5 E, E. 75 17%

8.5 E, E. 75 15%

85 E, £, 52 13%

6.0 £, E, 7 22%

6.0 E, E, 56 13%

6.0 E, E, 15 10%

35 £, E, 56 10%

35 E E, 15 5%

-

even at the peak levels of scattered signal. Since this scat-
tered signal accounts at best for no more than about one-
fourth of the incident signal, it is clear that other mecha-
nisms are responsible for the bulk of the reduction in the
backscattered signal.

X. ESTIMATION OF REDUCTION IN BACKSCATTER
FROM COLLISIONAL EFFECTS IN A
TRANSVERSELY HOMOGENEOUS PLASMA

Collisional effects would play a minimal role when the
background pressure is low, as in our high-power experi-
ments,’ where it was 0.1 mTorr. However, the same cannot
be said for higher pressures, as was the case in the present
experiments. A study of the reduction in backscatter due to
collisional effects was made for the parameter range of
interest here. The approached used is that employed by
Vidmar in Ref. 1, and briefly outlined here. The plasma
density is assumed to be homogeneous in the transverse
direction and to have an Epstein profile in the axial direc-
tion, given by the relation

n=ny/ [l +exp(—z/0)},

where o represents the rate of variation of plasma density
n, which goes from O to n, as z goes from — o t0 .
Microwaves propagating up the density gradient get par-
tially reflected. The component that is partially transmitted
proceeds toward the conducting plate and gets reflected.
The absorption is evaluated by integrating the imaginary
part of the propagation constant in the collisional plasma
over the forward as well as backward path. This returning
signal is added to that reflected from the plasma profile.
Subject to the approximations made in modeling the
plasma, the approach gives the estimated total reduction in
backscatter caused by the presence of this plasma. The
values are a function of the gradient scale factor of the
density profile, the momentum-transfer collision fre-
quency, the angle of incidence, and the relative values of
the frequency of incident microwaves and the maximum
plasma frequency. Using the above approach and assuming
a gradient scale factor of 10 cm, a maximum plasma fre-
quency of 10 GHz, and normal incidence of microwaves of
10 GHz frequency, the peak reduction in backscatter varies
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from 2 to 25 dB as the momentum-transfer collision fre-
quency varies from 2x 10’ to 2x 10® s~'. An increase tn
the angle of incidence makes for a reduction in the peak
attenuation occurring at resonance between the two fre-
quencies.

The momentum-transfer collision frequency is a func-
tion of the gas composition, the pressure, and the electron
temperature. This last had been earlier estimated” to be =2
eV, based on Langmuir probe measurements. Taking the
case of dry air and a typical pressure of 15 and 75 mTorr
in the low-power experiments, and using curves in Fig. 7 of
Ref. 12, the momentum-transfer coilisicn frequency is es-
timated as 5 10° and 2.5% 10° s ™', respectively. This in-
dicates that based on this model the contributions to re-
duction in backscatter due to collisional effects would be
rather small for parameters relevant to these experiments.

In fact, in the experiments an increase of the back-
ground pressure produced a decrease in the maximum at-
tenuation in the case of 3.5 kV as charging potential (Fig.
8), but did not alter it significantly from the maximum
observable attenuation for the case of 8.5 kV charging po-
tential. The greater sensitivity of the observation in the
former case gives a clue as to the nature of the underlying
physical phenomena. With increases in background pres-
sure the collision frequency between the electrons and neu-
trals would tend to increase. As discussed above, an in-
crease of the collision frequency would by itself tend to
increase the maximum attenuation. Consequently, it is
clear that additional mechanisms must be responsible for
the attenuation besides collisions between electrons and
neutrals.

Xi. SOME FEATURES OF THE PHYSICAL
PHENOMENA UNDERLYING THE GENERATION OF
THE PLASMA

The four plasma guns are discrete sources of plasma
generation whose lateral dimensions are small ( <0.5 cm)
compared with the tube diameter { =30 cm). The flow of
discharge current through the inner conductor generates a
magnetic field that surrounds the conductor. Thus the
charged particles in the arc would have axial Lorentz
forces exerted on them by the magnetic field.'’ These are
seen to be directed away from the opening in the coaxial
conductors that generate the arc. Because of their lighter
mass, the electrons would achieve higher velocities than
ions. They would thus streak out of the ports of the plasma
guns, causing ionization by collision with molecules of the
residual gas in their path. The plasma so generated is likely
to be inhomogeneous in the transverse direction. This
means that the layer of critical density would not be a
plane surface. The curvature and ripples in it would cause
the local incident angle to be nonzero, even when the over-
all geometry of the experiment implies normal incidence.
This in turn influences absorption as well as sidescatter.

The observations on the time and location of the crit-
ical density layer (determined from transverse transmis-
sion data) (Figs. 18-20) indicate that a plume of the
plasma proceeds rapidly away from the flash plate and
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begins to decay. It is followed by another component of the
plasma which moves and decays more slowly than the
plume. The charged particies causing the plume could thus
be the above-mentioned streams of fast electrons shot out
from the plasma guns by Lorentz forces acting on the dis-
charge current. In its path the plume would generate ton-
ization by collision, and create less-energetic electrons and
ions which constitute the more slowly moving and slowly
decaying component of the plasma.

The data on transverse transmission taken at a low
value of charging potential (3.5 kV) lend further support
to the above viewpoint. It is seen from the trace for z=43
cm in Fig. 16, that there is a plateau in the reduction of
received signal starting just after the end of the discharge
current and lasting for about 100 um. In this period the
transmission is not fully blocked, but is attenuated. It is
followed by a period in which the attenuation rises to near
total blockage. In other words, at somewhat distant points
from the flash plates there exists a precursor to the main
body of the plasma. It blocks the transverse transmission
only partially presumably because of subcritical density, or
incomplete filling of the plasma tube in the radial direction
at that distance.

The tuming of the observed sidescattered microwave
signals correlates closely with the transitions of the critical
density layer past the receiving horns (Figs. 19 and 20).
This shows that the sidescattered signal originates at or
near the layer of critical density.

Xil. RESONANCE ABSORPTION IN A TRANSVERSELY
INHOMOGENEOUS PLASMA

Considering that the plasma is generated by four
plasma guns, it is likely that the layer of critical density
will have ripples and turbulence as discussed above. Re-
combination of plasma at the wails would also tend to give
radial variations of plasma density, resulting in a curved
geometry for the layer of critical density. Accordingly, the
angle of incidence of microwaves on the layer of critical
density would be nonzero at most places, unlike what
could be anticipated from a simple model of the experi-
ment. An additional source of instability in the plasma
resulting in transverse inhomogeneity can arise from a non-
Maxwellian distribution of energy of electrons. The resuit-
ing “free energy” can be transferred to fluctuating fields.'*

It is relevant to examine the phenomenon of “reso-
nance absorption” occurring when electromagnetic radia-
tion propagates up the density gradient in a plasma at a
finite incident angle with respect to a layer of critical den-
sity. When @ is nonzero, an electromagnetic wave, which
has its electric vector lying in the plane of incidence (p
polarization), has a finite component of E field paraliel to
the density gradient. This results in electron osciliations
which build up resonantly near the critical density, and
cause a density fluctuation. This appears as electron
plasma waves which contribute to enhanced scattering'’ as
well as resonance absorption.'®'” It may also be noted that
this effect has a broad maximum at a value of @ lying
between 0° and 90°. It is small near =0 as the E-field
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component parallel to the gradient tends to vanish. It is
also small at values of 6 approaching 90° as the electro-
magnetic wave gets reflected at a layer well ahead of the
critical denstty; so that the evanescent £ field reaching the
resonance layer is very small. The peak resonance absorp-
tion is of the order of 0.5,'8 for the optimum incident angle
for a laterally homogeneous layer of critical density.

The effect of ripples on the layer of critical density has
been studied by Rowland using numerical as well as ana-
lytical techniques.'® The ripples enhance the absorption. A
parameter k,L/k,a has been defined in which L is the
density gradient scale factor. k, is the propagation factor
for the ripples on the layer of critical density, and a is the
amplitude of the same. In a simplified modei the absorp-
tion scales as exp( —A L/k,a). Simulations show cases of
up to 90% absorption of incident energy.

As a consequence of the preceding analyses, it is be-
lieved that a major part in the reduction of backscatter is
caused by the lateral inhomogeneity in the plasma and by
the process of resonance absorption. Sidescatter and colli-
sional absorption play lesser roles. The relative values
would be dependent on the array of input parameters. The
absorption can thus be explained without invoking nonlin-
carities caused by the power level of incident microwaves.
This agrees with experimental observations.

Xiil. CONCLUSIONS

Backscatter, sidescatter, transverse transmission, and
axial transmission of low-power microwaves interacting
with a pulsed plasma have been studied experimentally
over a range of parameters. Measurements of the time ev-
olution of the position of the critical density layer indicate
that a plume propagates rapidly away from the flash plate
and is followed by a more siowly moving plasma front of
higher density. This plume decays more rapidly than the
main body of the plasma. A possible cause of the observed
phenomena is the presence of more than one plasma spe-
cies emanating from the plasma guns.

A reduction in backscatter was obtainable down to the
limits of our observational accuracy (=30 dB attenua-
tion). The timing of the observed sidescattered microwave
signals correlates closely with the transitions of the critical
density layer past the receiving horns. It is therefore evi-
dent that the sidescattered signal originates at or near the
critical density layer. The sidescattered signal is linearly
dependent upon the incident power over three orders of
magnitude.

The processes of resonance absorption and sidescatter
at the layer of critical density can account for a large part
of the observed reduction in backscattered signal. Attenu-
ation due to collisional effects between electrons and neu-
trals is not significant at pressures below 10 mTorr, but can
play a role at higher pressures.
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ABSTRACT

An unmagnetized plasma column is generated by an array of plasma guns at one end
of a tube. Its spatial and time profiles have been studied using floating as well as biased
Langmuir probes. The data indicate the present of two components in the plasma, one
moving and decaying faster than the other. The faster one also has a k'gher initial electron
temperature. The slower one represents the main body of the plasma. The observations
have been taken with an axial as well as a radial orientation of the plasma guns. In the
latter case the axial drift velocity is slower than in the former case. The effect of varying
the presence of background gas in the range 1 mTorr to 200 mTorr has also been studied.
It reduces the drift velocities as well as amplitude of the pick up signal. Furthermore in the
pressure range above 5 mTorr plasma fluctuations are generated as evidenced by the probe
pick-up signal as well as fluctuations in the backscattered signal. The spatial profile inferred
from the data indicate a nonuniformity along the radial direction. The profiles along the
axial direction are more complex than the Epstein profiles considered earlier. Both of these
factors would provide useful inputs into more accurate modeling of the plasma nnd its effect

on backscatter of microwaves.
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1 Introduction

Backscatter and absorption of microwaves by a plasma has been the subject of study at the
University of Maryland and a number of other laboratories [1-5]. Among it’s chief attractions
are tunability and wider bandwidth than that obtainable from conventional materials.

At the University of Maryland we have studied the phenomenon using plasma guns

embedded in a conducting plate as a source of an unmagnetized pulsed plasma generated

‘inside an acrylic tube at megawatt as well as milliwatt power levels. In both cases reduction

in backscatter of the order of 30 dB was observed, the figure in some cases being limited
by the accuracy of the measurement technique. This level of reduction in backscatter could
not be explained on the basis of simulation in terms of a cold collisional plasma model as
described in Ref. 3. Measurements on the power carried away by sidescatter of microwaves
could also not account for more than 5% to 20% of the incident power level.

The objective of the present phase of our study was to gain a better understanding of
the time-dependent parameters of the plasma, including the spatial profile of plasma density
and electron temperature. Furthermore, the influence of the presence of background gas was
evaluated. Evidence was sought for the presence of lateral non-uniformities in the plasma,
as this can also have a significant effect on the level of backscatter.

The Langmuir probe technique is one that can provide insights into a number of plasma
parameters [6). Its relative simplicity lends itself to extensive exploration of parameter
space relating to the experiment, and was used accordingly. A floating probe arrangement
was used initially to provide an indication of the general nature of the profiles of plasma
density as a function of time and axial locations. Later the Langmuir characteristic was
synthesized by varying the bias potential from shot to shot. It was possible to measure the
electron temperature and plasma density for a few parameters, by adjusting the experimental
conditions for optimum reproducibility from shot to shot.

In order to eliminate the possible effect of ultraviolet radiation originating from the
plasma guns and causing photoemission from the probe, a modified configuration of guns

was also tried out. In this the guns were mounted radially instead of axially, and their tips
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were not in a line of sight with the probe locations.

These data provide used inputs for modelling the plasma and its effect on the incident
microwaves. In particular, the axial profiles are seen to be more complex than the Epstein
profiles assumed in the earlier simulations. Furthermore, the manner in which they varied
with time was different in the two cases of axially or radially mounted plasma guns. There
had been an inference from studies of tranverse transmission of microwaves through the
plasma columns that the plasma has a component that moves fast and also decays quickly,
followed by a slower moving and longer lasting main body of plasma. This conclusion was
further supported by the present studies using Langmuir probes.

The experimental set up is described in section 2. The trends in observed data are sum-
marized for the floating probe case in section 3 and for biased probe in section 4. Correlation
observed in the time variations of backscatter of microwaves vis-viz. the data from Langmuir

probes is discussed in section 5. Conclusions are summarized in section 6.

2 The Experimental Set-up

A schematic diagram of the experimental set up used for measurement of backscatter of
microwaves is shown in Fig. 1. The plasma was located in an acrylic tube 1.35 m long
and having a diameter of 30 cm. The plasma guns consisted of spark plugs in which the
space between the inner and outer conductors was filled with an epoxy containing titanium
hydride. There were four of these located symmetrically around the axis. The set up has
been described in detail in Ref. 2.

The set up for Langmuir probe measurements for the case of axially mounted plasma
guns is shown in the schematic diagram of Fig. 2. The microwave horn and lens located
earlier at one end of the tube were replaced by a support for the Langmuir probe located
along the axis of the plasma tube. The probe leads were surrounded by a conducting tube
that acted as a shield. It could be moved axially through a vacuum seal so as to alter the

location of the probe vis-a-viz. the flash plate. The signal was fed to an oscilloscope. The




detection circuit is shown in Fig. 3. The traces on its CRT were photographed for further
analysis. In some of the experiments a digital oscilloscope was employed and the traces
obtained as hard copy directly.

The traces showed the floating potential of the probe as a function of delay time after the
plasma trigger, for the case where the load resistance Ry in Fig. 3 is high, i.e. of the order of
1 MQ. When the load resistance is low, the value of the ‘floating’ potential is given by the
intersection point between the characteristic curve and the load line. In our case the load
was kept generally at 50€2 so as to avoid reflections due to mismatch with the characteristic
impedance of the coaxial line.

The measurement of electron current, or of the floating probe potential is also subject to
errors due to emission of secondary electrons or photo-electrons. Among other things, it is
important to have a clean surface of the probe. In our experiments the probe was cleaned
first mechanically and then chemically. This was followed in most cases by a cleaning via
ion bombardment for a few minutes before the beginning of each run, consisting of a range
of input parameters.

For the case of biased probe measurement, the biasing and detection circuits are shown
in Fig. 4. A series of shots were taken at different values of bias on the probe,. The value
of pick-up signal for specific time delays was read on the successive traces obtained. This
array of data was converted into graphs of ¢n(I, — I,) versus Vg, where I, is the current
picked up by the probe at different values of the probe bias, V,, and I, is the ion saturation
current obtained when Vj has a sufficiently large negative value. In the most general case,
the variation of electron current I, versus bias voltage Vp is as shown in Fig. 5 [6]. At
Vs = V,, the plasma potential, the probe picks up the saturation current I deposited by
bulk electrons in the plasma. There is an exponential section of the characteristic curve for
a range of Vg immediately below V. If an electron beam or an ion beam exists, it shows
up as I, or I;, respectively. The ion saturation current I, is shown somewhat exaggerated
and has to be subtracted from the current I, that is picked up so as to get the true electron

current.
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For non-drifting Maxwellian electrons, the probe current I.(Vp) is given by the relation-

ship [6):

I(Vg) = Ilexp [-'—’va..lml for Vg <V, (1a)
L = I for Va >V, (1b)

where I; = Sn.e\[T.[2xme, (1¢)

where n, is the plasma electron density and S is the collecting area of the probe. Thus
the electron temperature T, is given by the slope of the line showing én(Is — I,) vs. Vjp.
Furthermore the electron density can be derived from I after substituting the area of the
probe and the electron temperature in equation (1c).

The Langmuir probe characteristics synthesized from multiple shots are prone to error
from shot-to-shot variations. An attempt was made to minimize the effect of such variations
by taking multiple shots at the same bias value. In these experiments the characteristic is
not a simple one as attributable to a Maxwellian non-drifting electron velocity. As shown
in Fig. 5, there are more than one “knee” in the curve. As such it is necessary to identify
the correct nomenclature for each segment of the curve. In this it is helpful to compare
the different characteristics in a set, so as to see the consistency of nomenclature allocation

among themselves.

3 Trends in data observed with floating probes

A trace of pick up signal versus time, for axial location z = 30 cm from flash plate, and
background pressure of air of the order of 1 mTorr is shown in Fig. 6a. The plasma was
generated by a charge of 8 kV on the capacitor in the pulser. The magnitude of the pick-up

signal increases downward in the figure.

3.1 Two components of the plasma

It is seen that there is a very rapid increases in the signal right after the plasma trigger. The

signal then rises more slowly to a peak and then falls gradually. This entire trace extended
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to approximately 850 us. The quick rise is in consonance with the observations that the
reduction in microwave backscatter also starts with very little delay (of the order of one
microsecond in Ref. 2). Furthermore, the observation on transverses transmission reported
in the same reference pointed towards more than one component in the plasma. One of
these proceeds very rapidly away from the flash plate in the axial direction and also dies off
relatively quickly. The second one constitutes the main body of the plasma, which moves
and decays more slowly. This also is in conformity with the observed delay in reaching the

peak, followed by a slow decrease.

3.2 Average velocity of the two components

The arrival of the two components of the plasma becomes better differentiated at larger
distances from the flash plate, provided that one of the components has not become too
small with the increased distance. An example of such a trace is shown in Fig. 6b, which is
for z = 115 cm, other conditions being the same as for Fig. 6a. Figure 6c shows the trace
for z = 30 cm for the case of radial orientation of plasma guns. Here we do not observe a
rapid rise immediately after the trigger presumably because the initial transients near the
flash plate, and the ultraviolet radiation are shielded from the probe. However, two peaks
indicating two components of plasma are evident here also. We can call them the fast and
the slow component, respectively.

From such traces it is possible to derive the average velocity of bropagation of a peak
from the flash plate up to a given distance. One can evaluate this average velocity over a
range of distances. The average velocity for the two kinds of peak is shown in Fig. 7 for the
axially as well as radially oriented plasma guns. The slow components are seen to be of the
same order for short distances near the flash plates, after which they diverge to a ratio of
nearly 4:1 in favor of the axial orientation. The fast components for the axial orientation is

another nearly 3:1 faster than the slower component.




3.3 Inference of lateral inhomogeneity

These observations can be explained by recalling that axially oriented plasma guns can send
the initial plume of a plasma directly into the tube, whereas that is not the case for the
radially oriented guns. It is interesting to consider the reason for higher average velocity for
larger axial distances, which is counter-intuitive. This is attributable to the fact that the
probe is located at the axis while the plasma guns are arranged with their centers at radius
8 cm. Consequently, a cone of directed plasma which moves at a relatively high velocity will
raise the plasma density to peak levels more quickly at farther distances than would be the
case for the slower lateral diffusion of the plasma plumes towards the axis.

From this it can also be inferred that the plasma density is not a constant across the
cross section of the tube. Apart from reduction near the walls due to recombination, there
is also a reduction near the axis due to off axis location of the plasma guns.

The average velocity over the distance of z = 0 to 45 cm was evaluated for the two
components of plasma as a function of the background pressure of air, for the case of ax-
ially oriented plasma guns, as shown in Fig. 8. It is noted that the velocities of both the
components are diminished in comparable ratios as the pressure is increased. This is under-
standable because the mean free path of collisions goes down as the background pressure

rises.

3.4 Spatial profiles

From a sequence of traces obtained at different distances z from the flash plate, it is possible
to synthesize a spatial profile of the pick up signal at specific delay times after the trigger.
Such profiles provide useful insights into the physical phenomena, as microwave interaction
depends upon the plasma density profile and its gradient at different locations.

A set of profiles for axial plasma guns, at delay times varying from 50 microsecond to 400
microseconds is shown in Fig. 9a. It is seen that up to 300 microseconds, there is increase of
signal with increase in z. This is in conformity with the discussion regarding the velocities

of a fast and slow component of the plasma. Furthermore, it is noticed that in the initial
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phase there is a rise in the signal as the plasma front arrives, followed by a gradual decay as
time progresses. This latter phenomenon is further seen in Fig. 9b, which shows the profiles
in the time period from 400 us to 800 us.

The corresponding profiles for the case of radial plasma guns are shown in Fig. 10 a,b.
Here the signal falls in the vicinity of the flash plate also as time progresses into the declining

phase of the plasma. With the plasma guns tucked away to one side the flash plate acts

‘more like a sink for the plasma in the late phases, providing a surface for recombination of

ions and electrons.

3.5 Amplitude of pick-up signal

The slower component that is the main body of the plasma, provides a major contribution
to the pick up signal. The faster component, that is the plume, contributes a signal that
rides on the slower counterpart, and is distinguishable as a separate entity only in limited
parameter range of axial distance and time.

Figure 11 shows the variation of the maximum of the envelope for the signal from only
the slower component, referred to as B-type, as a function of the axial distance z with
the background pressure as a parameter. As may be expected, the signal level falls with
increasing 2. It also goes down with the increase of background pressure of gas. In other
words, the plasma guns generate the plasma at the flash plate, and as it proceeds away from
it, the plasma density gets diminished, more so when there are neutral gas molecules present.
This implies that there is no significant multiplication of ionization and that energies of the
primary electrons are likely to be less than the ionization potential of the gas.

Contours of constant value of the pick up signal value with axial distance and time delay
as coordinates are shown in Fig. 12a for the case where plasma of background gas was less
than 1 mTorr and Fig. 12b for background | pressure of 20 mTorr. ;’Ehe ;re(s::noe ofa plume
lsmhcmbleior«showdehy&anéaﬂa‘;ger-amﬂ dnstax'w,e ,Ti;e general nature of the contours
agrees with those obtained for the boundary of the layer of critical density drawn against

the same coordinates for a background pressure of 15 mTorr as shown in Fig. 13 from Ref. 2.




4 Trends observed with biased probe

Biased probe measurements were undertaken so as to provide estimates of the electron tem-
perature, the plasma density and their variations with the time delay a..d axial location.
As discussed in section 2, the characteristics of the Langmuir probe were synthesized from
multiple shots which had different bias voltages on the probe. It is to be recalled also
that the accuracy of measurement depends critically on shot-to-shot reproducibility of the
characteristic. The present observations can lead to general conclusions about the trends.

Figure 14 shows a synthesized characteristic for the case of an axial location of 75 cm
from the flash plate and a time delay of 200 us for a charging potential of 8 kV. The
curve shows more than one relatively flat and sloping regions, respectively. This feature has
been encountered in numerous other synthesized characteristics. It is indicative of a multi-
component plasma with different temperatures and densities. In most cases, two components
can be identified.

Shot-to-shot variation can arise frorr amplitude jitter as well as time jitter. As such,
characteristics were synthesized also by tracking the individual peaks of the fast and slow
components of the plasma as they arrived at specific locations. Figures 15a and 15b show
such characteristics for z = 50 cm for the fast and slow components of plasma, respectively.
The electron temperature and plasma density for these cases are shown in Table 1. It is seen
that the fast moving component of plasma has a higher temperature than the slow moving
component. Furthermore, Fig. 15b indicates a two component plasma. They are represented
by i:i:lzhbé;;ilapes in the characteristic, one in the bias range from 5 to 20 V and the other
one in the range —10 to 5 V. The lower density componeth appears to be the residue of the
1mt1a.l fast com})onent after a delay of 300 psecs. r -"'. S ' §

Flgure 16 shows the tlme evolutlon of the plasma density at z = 75 cm, for radially
oriented plasma guns with ptebes charged to 8 kV. For plasma density the general trend is a
rise with time followed by a comparatively slower decline. This is consistent with observations
using floating drives.

Figure 17 is a trace of pick-up signal versus time obtained for z = 75 cm, with an applied
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Table 1:
Fast Moving Component | Slow Moving Component
Axial Distance of Plasma of Plasma

from Flash Plate Electron Plasma Electron Plasma

(cm) Temperature | Density | Temperature | Density

(eV) (cm™?) (eV) (cm~?)

N ;

50 6.08 6.04 x 10!° 2.32 +H7 x10°
75 4.57 3.11 x10° 2.23 7.42 x10'°

bias of ~10 V on the probe. It shows a narrow peak followed by a broader one with a gap in
between. This is further confirmation of the phenomenon of an initial fast component of the
plasma followed by a slower one. The former has more energetic electrons. The gap between
the two humps in the trace is caused by the fact that after the faster component decays,
there is a time gap before electrons with sufficient energy to overcome the probe bias arrive

in the main body of the plasma.

5 Backscatter of microwaves

A schematic diagram of the set-up for measurement of backscatter of microwaves by the
plasma is shown in Fig. 18. Microwave signal was generated at 13.77 GHz and amplified by
a travelling wave tube (TWT) amplifier. Initially the flash plate was replaced by a microwave
absorber, viz. ecosorb. The E-H tuner was adjusted to give minimum reflection as measured
by a network analyzer. The flash plate was then put back on again.

The backscattered signal for axially oriented plasma guns had been studied extensively
and reported in Ref. 2. The experiments reported here refer to radially oriented plasma

guns. Figure 19 shows two traces obtained with different setting of senmsitivity, namely 1
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and 5 mV/division, for the case of background pressure = 2mTorr. The traces have gone
below the zero line, presumably because the stored charged in the diode does not follow
large and rapid changes in the microwave signal amplitude. In any case this implies that
the actual value of the attenuation was more than what can be measured ty the set-up. For
more accurate evaluation, it would be necessary to add a power step up arrangement for a
limited time in the duration of the probe as had been done earlier in the case of axial plasma
guns [2].

Figure 20 shows traces for a pressure of 2 mTorr and 10 mTorr, respectively. It is seen
that at 10 mTorr more ripples appear in the region of maximum attenuation at time delay of
120 microseconds as compared to 2 mTorr. Such oscillation have been observed for residual
gas pressure of 5 mTorr to 200 mTorr. These could be attributed to oscillations set up by
the fast moving plume when it encounters residual gas above a certain pressure. At 200
mTorr there are more than one sequence of oscillations as seen in Fig. 21a. For comparison,
Fig. 21b shows the trace for a floating probe pick up located at 20 cm from the flash plate,
with background pressure = 200 mTorr. It is seen that the probe pick up signal also shows
a sequence of oscillations in the time period of 0 to 200 microseconds. (It is to be noted
that the time scales for the two traces are different, namely 100 us/div and 50 us/div,
respectively). Furthermore, the microwave absorption is influenced by the entire plasma
column, whereas the probe pick-up tracks the time sequence at one location only. However,
similarity in the two traces indicates that time fluctuations in the plasma have a major role
in giving fluctuations in the backscattered signal. This is as distinct from fluctuations that
could be caused by a frequency shifted backscattered signal beating with a fraction of the
incident signal if both were to reach the detector. Such a frequency shift can arise from time
variation in the plasma density, or from doppler shift due to reflection from a moving front
in the plasma, such as the layer at critical density. In other words, the evidence from the
probe pick-up oscillations tilts the likely cause in the favor of local oscillations of plasma

density itself.
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6 Discussion of Results

Experiments with floating as well as biased Langmuir probes have been carried out and their
results were compared with data on backscatter of microwaves from a pulsed plasma column
generated by plasma guns that are oriented axially or radially at one end of the plasma tube.

Langmuir probe data confirm that plasma which is generated has two components. One
of these appears early and proceeds rapidly along the tube, compared to the second one.
The first one has a higher temperature and dies off more quickly than the second one. An
increase of pressure of the background gas slows down the velocities with which the peaks
of pick-up signal propagate down the tube.

As a result of the fact that the plasma guns are located off-axis, the plasma density on
the axis is not the maximum in any given axial location. This lack of uniformity in the
lateral direction is more pronounced near the flash plate and in the earlier phases of time
after plasma trigger.

The axial profiles of pick-signal have been evaluated at various time intervals. For axially
oriented guns the profile remains high in the flash plate region as time progresses. However,
for radial guns it comes down with time such that the peak occurs further down the axial
dimension. These profiles are more complex than an Epstein profile moving axially in time.
This would have a direct bearing on modelling of the plasma interaction with microwaves.

A simple model based on a cold collisional plasma and Epstein profile gives an increased
attenuation of incident signal due to increased collision frequency as pressure of background
gas increases. This was the motivation for studying the phenomena at varying pressure of
the background gas. However, the increase of pressure introduces additional phenomena
which are disadvantageous, such as ripple in the magnitude of attenuation with time.

Compared to axially oriented plasma guns, radially oriented guns tend to give a plasma
that moves more slowly, and has less rapid fluctuations. Accordingly, the attenuation in
backscatter is comparativelv uniform in time especially when the pressure is low.

In further studies it would be worthwhile to measure more precisely the attenuation at-

tainable with radial plasma guns using a power gating technique to increase the dynamic
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range of the measurement. Langmuir probes located off-axis at the radius at which the
plasma guns are located can give further confirmation of the extent of lateral non-uniformity
of plasma density. The probe may be located at azimuthal angles directly in front of the
guns as well as in between them. Framing camera studies can provide overall pictures of the
plasma distribution at specific times. These would show the lateral as well as axial profiles

of emitted light and their evolution in time.
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

Schematic diagram of experimental set-up for measuring interaction of microwaves with

plasma column.

Schematic diagram of set-up for ‘floating’ Langmuir probe measurements.
Detection circuit for floating probe.

Detection circuit for biased probe.

General case of a probe characteristic.

Floating probe pick up signal as a function of time, for background pressure = 1 mTorr,
Veharge = 8 kV; (a) 2 = 30 cm from axial guns, (b) z = 115 cm from axial guns,

(c) z = 30 cm from radial guns.

Average velocity of propagation of peaks in the fast and slow components of plasma

for axial and radial guns, as functions of the range of distance covered.

Average velocity of propagation of peaks of fast and slow components of plasma from

z = 0 to z= 45 cm as functions of pressure of background gas for axial plasma guns.

Profiles of probe pick-up voltage for the case of axial plasma guns for pressure = 1

mTorr for time delay parameters (a) from 50 us to 400 us, and (b) from 400 us to 800
us.

Profiles of probe pick up voltage for radial plasma guns for pressure = 1 mTorr for

time delay parameters (a) from 50 us to 400 us, and (b) from 400 us to 700 ps.

Maximum in the envelope of slower component of plasma as a function of axial distance

of probe , with background pressure as parameter.

Contours of constant value of pick-up signal as a function of axial distance of probe
from flash plate, and the time delay; a) pressure of background gas ~ 1 mTorr, b)

pressure of background gas = 20 mTorr.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Boundary of the critical density layer as a function of axial distance from flash plate

and the time delay; pressure =~ 15 mTorr.

Langmuir probe characteristic synthesized from shots with different bias potentials on

the probe, for z = 75 cm, time delay = 200 us, and pressure =~ 1 mTorr.

Synthesized Langmuir probe characteristic while tracking the two main peaks on the
trace, for z = 50 cm, pressure =~ 1 mTorr, (a) for first peak corresponding to the fast
component of the plasma, (b) for second peak corresponding to the slower component

of the plasma.

Time evolution of plasma density as obtained from bias probe measurements, for z =

75 cm, p = 1 mTorr.

Trace of pick up signal versus time for applied bias of —10 V, z = 75 cm, p = 1 mTorr,

showing two peaks.

Schematic diagram of modified microwave circuit for measurement of backscatter of

microwaves.

Time variation of backscattered signal, with traces at two levels of oscilloscope sensi-

tivity, for pressure &~ 2 mTorr, frequency = 13.77 GHz, Veharge = 8 kV.

Time variations of backscattered signal for same parameters as Fig. 19 but with pres-

sure = 10 mTorr; (a) time base 200 us/div, (b) time base 10 us/div.

Time variations of a) backscattered signal, and b) pick up from floating probe for

pressure = 200 mTorr.
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